Abstract -A device for measuring the radiofrequency (RF) power absorbed by biological samples while they are being irradiated in a transverse electromagnetic (TEM) cell is described. The report dkcusses the design, calibration, and performance of this automated measurement system. The power absorption analyzer is based on a siz-port type of automatic network analyzer, and operates at an incident power to the TEM cell of 1 to 1000 W, over a frequency range of 100 to 1000 MHz. Experiments show that an absorbed power of 0.02 to 0.05 percent of the incident power can he measured. Measurements of the power absorbed by a l-percent saline solution were made rising the power absorption analyzer and by 'an independent calorimetric measurement. The two measurement techniques show excellent agreement.
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The authors are with the U.S. Department of Commerce, Nationaf Bureau of Standards, 724.01, 325 Broadway, Boulder, CO 80303. are being irradiated with continuous-wave RF energy in a transverse electromagnetic (TEM) cell, The analyzer is based on a six-port automatic network analyzer which makes it possible to detect very small amounts of absorbed power [1]-[3] . Typically, the incident power to the TEM cell is of the order of 1 to 1000 W over a frequency range of 100 to 1000 MHz. The goal of the power absorption analyzer is to be able to detect absorbed power levels of the order of 0.05 percent of the incident power (0.002 dB in insertion loss). Some of the problems typically encountered in making these measurements are discussed in a publication by Hill [4] .
II. 
where the prime indicates measurements with the sample inserted. Equation (1) shows that the power absorbed by the cell is proportional to PI. When PI changes to P{, pC,ll changes to PJJJ = P<(l -q).
Solving (2) and (3) A similar expression with primes gives q'. The power absorption analyzer measures P; and all of the quantities in (5) to determine q and q'. The power absorbed by the sample is then calculated from (4). These equations assume that the power absorbed by the empty cell does not change when the sample is inserted.
III.
SYSTEM DESCRIPTION There are undoubtedly many methods for making the measurements described in (4) and (5). power. Loads Zl, Z2, Z3, and Z4 are used in the calibration process and will be described in more detail later in the report.
Loads Z5 and Z6 are 50-!2 terminations, Fig. 3 summarizes the different system configurations possible during normal operation.
In Fig. 3 Fig. 4 (a) and (b), by using a standard thermistor mount that has been accurately calibrated by NBS for efficiency and reflection coefficient.
The maximum input power to the thermistor mount is 10 mW; however, accurate power measurements up to 10 W can be made by using a 30-dB attenuator whose scattering parameters are known. The scattering parameters of this attenuator are measured during the calibration process. Once measurement port 1 is calibrated to measure power, it can be used to calibrate the other measurement port. The power calibration is transferred to the higher power ranges using a "bootstrap" procedure as described in [3] . The estimated systematic error in measuring power A precision impedance standard is used to calibrate the analyzer for phase, reflection coefficient, and impedance measurements. This standard is a length of precision coaxial transmission line as shown in Fig. 4 stable to within a few hertz, and its output power could be controlled by software commands from the ANA computer. The second generator, which covered the 220-850-MHz frequency band, was a manually tuned high-power oscillator followed by a high-power amplifier. Its frequency had to be manually set, as did its output power. Frequency drifts of +50 KHz were typical of this system. High-power bandpass filters were used on the output of both generators to reduce second and higher order harmonics. The attenuation of second-order and higher harmonics was greater than 50 dB, relative to the fundamental.
One test of the analyzer was its ability to accurately measure the reflection coefficient 17of a short. For Figs. 5
and 6, the reflection coefficient of a short was repeatedly measured over a 10-rnin period, at a frequency of 700
MHz, and with an incident power to the short of 20 W.
The magnitude lrl of the reflection coefficient is shown in The change in the angle of r with time was largely due to the expansion of the system's cables with increasing temperature.
Another check on the analyzer was to connect measurement ports 1 and 2 together and let the system measure the power absorbed at this junction, which ideally should be zero. Fig. 7 shows the results of such a test where the power absorbed at the junction is plotted as a function of time. The test frequency was 700 MHz and the incident power was 20 W. Over the 15-h measurement period the system showed P sample = 0.004+ 0.008 W.
Thus, the average fractional error in measuring absorbed power is 0.02 percent (0.004 W out of 20 W). The long-term drift of the system was largely due to room temperature changes. Also, some of the cyclic behavior in the data was caused by the room's heating and cooling system, which was cyclic with a period of approximately 30 min or greater.
The power absorption analyzer was tested using a TEM cell 2 m long, 60 cm high, and 1 m wide. The manufacturer's specifications for the frequency response of this cell are dc to 250 MHz. However, care had to be exercised, in that undesirable propagation modes could be excited at certain specific frequencies above 174 MHz [9] . A test frequency of 200 MHz, as used in this report, was above the first undesirable TEIOI resonance that occurs near 184 MHz, and was therefore suitable for tests with the period. The sample was in the cell only during the periods tl to t2,and t3to t4. At all other times, the cell was empty.
Ideally, the absorbed power should be zero when the cell is empty. Fig. 9 , however, show that the empty cell measurements drift away from zero with increasing time. The maximum drift of the empty cell measurements was 1 W and was highly correlated with the change in temperature of the room housing the experiment. At least part of this drift was believed to be due to a change in the power Measurements, such as shown in Fig. 9 , were repeated on four different occasions. The agreement between power absorption measurements as made by the analyzer and calorimetry is summarized in Table I .
The data shown in Fig. 9 are measurement number 2 in the table. It should be noted that the system drift, as evidenced 'by the nonzero P,mPle measurements when the TEM cell is empty, is subtracted from the data. The averages of the four measurements using calorimetry and the power absorption analyzer agree to within 0.1 W (3.7-3.6 W). Since the incident power during the tests was 500 W, the average fractional error was 0.02 percent.
Unfortunately, there were a number of factors that lead to questions regarding this agreement. One problem, that was not discovered until after the tests had been made, was that the rubber stoppers used to seal the ,plastic bottles absorbed RF power. Subsequent tests showed that the power absorbed by those stoppers was about 1.4 W (0.7 W each).
Since the solution was in contact with the stoppers, it was not known how much heat energy, if any, was transferred to the solution from the stoppers.
Also, the spread in the calorimeter data,' as evidenced by the 0. 
